Mrs Thomas had contacts with the University College of North Wales and to increase the family income she took in student lodgers. In due course Nesta graduated in botany from the University and Idwen studied at the Royal College of Music in London and became an A.R.C.M. Both sisters married men who had been students living in their home and in this way a lifelong family group was established which regarded as home the farmhouse at Llandegai, 'Rhos', to which Mrs Thomas moved after her parents' death and to which Meirion returned whenever possible. Within this group he was a much loved son, brother and uncle who throughout his life took a great interest in his two nephews.
Meirion went first to a kindergarten run principally for children of the University staff and then to a preparatory school in Lytham St Annes because, his sister says, 'he became too much of a handful at home' and needed discipline. At the age of 12 he entered the Friars School in Bangor, an ancient Elizabethan foundation with a long and mainly successful history, providing a traditional classical education accompanied by strict discipline. Under the 1892 Education Act it came under the control of the Central Welsh Board which led to the extension of the curriculum to include science subjects. The headmaster in 1906 was a notable classical scholar who had been in the post since 1879. He was a strict disciplinarian and upheld standards of decency, self-control and hard work and encouraged the playing of games as a means to these ends. He is said to have been uncompromising over the punishment of misdemeanours and unsparing with the cane. In the six years he spent at the school Meirion was known as a quiet, gentle and very good looking boy. Studious and conscientious, he did well in his work and left from the sixth form as a prefect, having passed ex aminations in chemistry, physics and mathematics with distinction. He took a prominent part in games, playing for the first elevens in both cricket and association football (the school had a great reputation for football, introduced as long ago as 1870).
As a result of his higher honours examinations he was awarded an entrance scholarship to the University College of North Wales, together with a Canaervonshire Agriculture Exhibition. He entered the University College in the autumn of 1912 as a day student, planning to proceed to an honours degree in chemistry and in his first year he attended courses in chemistry, physics, botany, forestry and agriculture. However, the end of his second year saw the outbreak of World War I and in October 1914 Thomas enlisted in the army in which he was to serve for the next five years.
W ar service
Thomas enlisted in the 13th battalion of the Royal Welsh Fusiliers and after two months' training was commissioned in the 10th battalion of the South Wales Borderers. During 1915 there was a call for men with some scientific knowledge to which he responded by joining one of the newly formed specialist companies of the Royal Engineers whose purpose was to conduct gas warfare. He went forthwith to France and was engaged in front line operations for two years with increasing responsibilities of a technical type as well as for the care of men under stress.
In 1917 he was promoted Captain and Adjutant and went to the headquarters of the Special Companies, Third Army. Here his duties were of a different nature but equally onerous and he came into contact with many allied soldiers both French and American. His army experience was a potent influence on his future career. The knowledge he gained of how other people from many different backgrounds lived and thought made a deep impression and also gave him a confidence, hitherto lacking, in his own abilities. When he was demobilized in 1919 his life had all been spent under conditions of strict discipline at home as a child, at school and in the army, a circumstance which perhaps contributed to his extreme reserve and distaste for overt emotion.
At the outbreak of World War II he applied to join the emergency reserve of officers but was not accepted. He was instead commissioned on the general list of the Territorial Army for service with the Durham University O.T.C., where he remained until December 1944, devoting two afternoons a week to it and is remembered as arriving to lecture in uniform and looking very handsome.
Thomas rarely talked of his army life, but to the privileged few he would sometimes indulge in reminiscences, telling witty stories and recalling his appreciation of the comradeship and satisfying sense of purpose he had felt. It also became apparent that he had made a serious study of military history, had quite a collection of books on the subject and had acquired a lasting interest in Napoleon. 550 
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Cambridge 1919-24 Thomas had envisaged settling down as a secondary school teacher after the war, but with the confidence evoked by his army experience and urged on by his mother to attempt to 'improve his status' he successfully applied for a Board of Agriculture scholarship for ex-service men. In October 1919 he took up residence at Trinity Hall, Cambridge, and in a diary recording his first year there he expresses elation at having achieved an ambition to study science at Cambridge and looks forward to the opportunity of widening his horizons by participation in the many activities open to students. He took particular interest in listening to great public figures addressing the Union and even spoke in debate himself expressing political views of a right wing Labour supporter. He also had ambitions to achieve university standing in association football and played regularly for Trinity Hall. In 1922 he earned his Blue and played against Oxford at the Crystal Palace. He says of the match that he enjoyed the game but disliked all the publicity that went with it. At this time he was selected for trials for the Welsh team, but after playing in early trials he declined the invitation for the final game between North and South Wales teams claiming that he was too busy as a research student to participate and that his ambitions were not in sport, which was for him a recreation. He also played cricket for his College and became a member of the Crusaders' Club in 1923. A Trinity Hall magazine says 'the feature of the season has been Thomas' batting, he averaged 65. He is not a stylish bat, but he does get runs. ' Thomas made a deliberate choice to give time to all these activities but confessed to becoming confused and depressed about his work. He found it extremely difficult to settle down to the detailed study necessary and to assimil ate information over the very wide range of knowledge presented to him. He felt unable to come to grips with fundamentals and became anxious about defining his aims. His original intention had been to take an honours degree and then a diploma in agriculture. At the end of his second year, still worrying about his future, he took Part 1 of the Tripos in botany, chemistry and geology and as an ex-service man was admitted to the B.A. degree in 1921 followed in 1925 by the M.A. Being also excused a third year in residence he went to live in Grantchester in the same congenial lodgings as his younger sister and her husband who were temporarily in Cambridge, and thus rejoined the family circle.
By the end of his second year he felt an urgent need to acquire specialist knowledge that would help him 'to find congenial professional employment before I am 30 years old'. Fortunately he had been greatly inspired by lectures in cell biology given by Dr F. F. Blackman, Reader in Plant Physiology and an international figure in his subject. Blackman took the view that 'vital processes' must be considered from the standpoint of the laws governing physics and chemistry. At the time this course of lectures was an almost daring innovation to traditional botanists who still had little contact with the advances being made by studies of metabolic events in yeast and in muscle and were only beginning to accept that events in plant cells could well have many features in common with those in other tissues. As a mature student with a much greater knowledge of chemistry than the average second year undergraduate, Thomas appreciated the importance of Blackman's approach and was deeply impressed with his quantitative work on photosynthesis and respiration. Thomas therefore decided to specialize in plant biochemistry and physiology, but as there was as yet no advanced course in biochemistry he did not proceed to Part 2 of the Tripos. Instead in consultation with Dr Blackman and with Sir Gowland Hopkins, the famous head of the School of Biochemistry, he constructed a scheme of work for his third year by which he attended courses in advanced plant physiology, genetics, cytology and general biochemistry. He seems to have embarked on this scheme harassed by the thought that he could never get through enough reading, especially as he felt it essential to cover topics outside the scheme as well. He was of course lucky in that he saw at first hand the exciting work in the Bio chemistry School and had the opportunity of learning current techniques. It is not perhaps surprising that at the end of this year he accepted a grant from the Food Investigation Board of the Department of Scientific and Industrial Research to work in Cambridge on 'Problems of the respiratory metabolism of apples' under Blackman's general direction. Anxieties about his future, the desire for a post with tenure and the prospect of an academic career persisted and after a year's research he declined an offer from the Food Investigation Board to stay on in Cambridge, and in 1924 became a lecturer in botany at Armstrong College, Newcastle upon Tyne, the larger of the two divisions constituting the University of Durham, later to become King's College and then the University of Newcastle upon Tyne.
Meirion Thomas thus became one of the pioneers in Britain to bring into botany departments the skills of the biochemist and the outlook that plant physiology was an experimental subject.
N ewcastle
Thomas took up his appointment at the age of 30 On arrival in Newcastle Thomas became the fourth member of a small department headed by the Rev. Professor Potter, F.L.S., reported to be an eccentric physiologist. Potter was succeeded by J. W. Bews and in 1927 by J. W. Heslop-Harrison, F.R.S., who had been at the College since 1917 and at the time was Reader in Genetics in the Zoology Department. Heslop-Harrison and Thomas were very different both in character and in scientific outlook. They occupied interconnecting rooms off a spiral staircase; the outer one, which had no windows, was Meirion's, and through it Heslop-Harrison was liable to charge at any time. Thomas managed to accommodate himself to the circumstances and in spite of differing opinions appreciated, during an association that lasted 19 years, how much he learnt of the value of field work, about genetics and the problems of plant variation from the professor. Thomas was responsible for the teaching of plant physiology and biochemistry as well as a share of the work for large elementary classes in botany. Throughout his career he devoted a great deal of time to teaching, never regarding it as a burden. He brought from Cam bridge a belief in the tutorial system and a conviction that violent athletic activity and a university education were a natural and desirable combination. Concern for his students welfare went far beyond their academic progress; indeed he often maintained his interest long after student days, becoming a family friend and following the progress of the children.
He demanded facilities for a practical class in physiology and set up a wide variety of experiments which always worked, and he introduced a pioneer lecture course which remains a feature of the department today (1977) . He gave the students a much wider knowledge of plant biochemistry than was at the time customary. His teaching methods were based on those of his erstwhile mentor, F. F. Blackman. Lectures were meticulously prepared and based on exhaustive reading and on a series of blackboards relevant data were written out beforehand. For his Ph.D. students his overriding consideration was that their work was a preliminary training in all aspects of research. Solution of specific problems was of secondary importance and there was no pressure to publish. As a result of this policy much of the postgraduates' work is available only in theses at the University of Newcastle, although many references to it occur in his textbook. The students soon learnt that methods had to be carefully checked and tested, and results confirmed, then re-confirmed, before receiving detailed considera tion. The presentation must be in good English, free from grammatical errors, and the account of the experiments set in a context of a thorough survey of the literature. Writing a thesis was often a trying experience for the student, fre quently not appreciated at the time. In the years following World War II, however, students formed the RQ club as a means of returning their professor's hospitality and to provide opportunity for discussions of scientific problems. Many of them, now in senior positions, speak of a happy department and with enthusiasm of the privilege of having been in it.
In addition to his university teaching Thomas also undertook extra-mural lecturing in biology, and was a member of the University Committee for extra mural work. He taught in the mining villages, and was involved in starting the first advanced course in the North East designed to provide a fourth year of study.
Research facilities were somewhat meagre at first, but Thomas managed to set up apparatus in a small room off the main laboratory to continue some work on apple respiration, with the help of the Low Temperature Station at Cam bridge over the supply and storage of material. He was greatly helped too by the laboratory steward, Percy Gibson, who had served in the war in the Medical Corps and learned many skills, including glass blowing. Together they con structed what would now be thought of as very large and cumbersome apparatus. Work on apples continued until about 1940, with assistance first of J. C. Fidler and then of W. E. Foster (see p. 558). Early in the 1930s Thomas discontinued laboratory work and began the writing of his textbook, first published in 1935. In the preparation of the text for printing and in proof reading he was helped by his elder sister, Dr Nesta Ferguson.
Until this time Thomas was little known outside Newcastle, but the book was an instant success and now his name became known to plant physiologists everywhere. It was soon reprinted and is now (1977) in its fifth edition, greatly enlarged and revised with his colleagues S. L. Ranson and J. A. Richardson. Thomas's purpose was to educate students in the lines of thought and methods of pursuing investigations rather than to present an account of the state of the subject. He stressed his approach with such phrases as 'we shall regard the green plant, or any of its parts, as a mixture of chemical substances which may, like any other mixture, be subjected to qualitative and quantitative analysis', or 'to assign to purpose the cause of an event is to offer a teleological explanation of the event. This is not the explanation the biochemist seeks.' There is no doubt he was a very influential teacher and his contribution to science in this way ranks as high as his direct contribution by reasearch.
While working at Cambridge Thomas had discovered that high concentra tions of carbon dioxide in the presence of oxygen could affect cell metabolism (see p. 556). The elucidation of the nature of this effect and whether or not some retarding action of COa on terminal oxidation systems could play a part became the underlying theme of all his subsequent work. In this connection his attention was directed to the acid metabolism of some crassulacean plants (see p. 556), and he formulated a hypothesis based on published work which accounted for many hitherto puzzling results. He gave a research student, H. Beevers, the task of testing his hypothesis using a few plants of Bryophyllum calycinum mustered locally.
At this time Ranson returned to Newcastle as a lecturer in the Department, after five years of military service. Together he, Thomas and their graduate students now pursued the study of crassulacean acid metabolism (CAM) (see p. 560) for over a decade, described as a congenial and highly stimulating period in the physiological laboratories, enlivened by a number of overseas visitors.
In the late 1940s plant physiologists became aware of the potentialities of radioactive isotopes and particularly of carbon-14 as tools in the study of inter mediary metabolism and at Thomas's instigation Ranson spent a year in the laboratory of M. D. Kamen in the U.S.A., learning the necessary techniques. On his return the Newcastle laboratory became one of the first botany depart ments in Britain to be equipped to measure radioactivity.
During this fruitful decade notable contributions were made by Ranson, himself later Head of the Newcastle Department, and by Bradbeer and Walker, later respectively professors at King's College, University of London, and the University of Sheffield. Thomas's ideas initiated many of the studies and his wise advice was always available on experimental design, on interpretation of results and particularly integration of results into the history of the subject. It is characteristic of Meirion that none of the publications of this period bears his name, although his assistance was gratefully acknowledged and widely appreciated. This attitude is in keeping with his expressed hope that posterity would remember him by his products rather than for any achievement of his own. The consensus of opinion among his contemporaries is that his activities in research will, rightly, be best remembered by his contribution to the eluci dation of CAM.
In addition to the work on apple metabolism and on CAM which spread over more than 35 years, Thomas had a number of incidental interests (see p. 556) to which he contributed by writing articles and in some cases initiating a little research. Among these interests were melanins, anthocyanins, metabolism in seedlings containing fatty reserves, and growth-promoting substances. Like much other work done in his laboratory no data were published but again reference is made to them in his book.
Outside the laboratory Meirion led a bachelor life, living in a flat in Jesmond from which he rode to the laboratory on a motor bicycle, later succeeded by a 'push bike', wearing in the Cambridge tradition a cap and muffler. He kept up his earlier enthusiasms, playing the piano for his own pleasure but as a rule removing all signs that the instrument was ever used when guests were present. The exception was when entertaining students to his renowned repasts, the evening might end with a Gilbert and Sullivan sing-song with the host as accompanist. He was a member of Newcastle Chamber Music Society and took with him to concerts students in whom he had detected an interest in such music. In his first decade at Newcastle he took part in the dramatic performances staged by the Armstrong College Old Students Association (A.C.O.S.A.) and later became Chairman of the Association. The Association honoured him by electing him Vice-President for his inestimable services and described him as 'a well-known sportsman both on and off the field'. For many years he played football for local clubs and for the Northern Amateur League. He played cricket for the Morpeth Club where he made a number of friends, and he also organized an A.C.O.S.A. eleven. When these days were over he took to golf and spent Wednesday and Saturday afternoons on the links.
There are many anecdotes of his meticulous ways. For example, he slightly embarrassed a fellow examiner by refusing to conduct a viva for a Ph.D. candi date. He thought the thesis of a high standard and having read every word of the Regulations of the particular University found that a viva was not imperative in this circumstance, so he did not wish to insult the candidate. Again it is said that when instructing a student about the experiment he was to perform to test the Thomas hypothesis about CAM, he did not reveal an expected outcome. When the student was disappointed with his results he was told to repeat the experiment and only when quite satisfied that the result was repeatable did Thomas admit it was the one for which he had hoped. In later years the erstwhile student commented, 'he was surprisingly sceptical even when evidence in support of his theory was mounting daily.'
Retirement
On retirement Thomas made his first journey abroad as a plant physiologist, being persuaded to visit the United States of America by his former student Harry Beevers, by then Professor at Purdue University. Subsequently, he remained in Newcastle for a while and began a serious study of the Welsh language in which he became sufficiently proficient to enable him to pursue in more depth his great interest in Welsh culture. After a time he was drawn back to Wales and settled in Tywyn. Here he spent his last years welcoming friends and relatives with undiminished pleasure. Each year he travelled to London to attend the December meeting of the Society for Experimental Biology and to visit his sister Dr Nesta Ferguson, who had helped so much with successive editions of his book. He also regularly attended the annual meeting of the British Association, as well as spending some weeks in Newcastle visiting his friends and former colleagues.
He never lost his interest in his subject and continued to read journals regu larly until his last illness. As he became less active he spent much time watching televised cricket, but found football less attractive; he said it had become too rough.
Meirion (Biogr Mems. apple respiration in different gas mixtures and over a range of temperatures in connection with storage trials, while Mrs Wheldale Onslow in the Biochemistry School had surveyed the incidence of tissue browning in fruits and its association with the 'oxidases and peroxidases' which catalyse oxidation of polyphenols.
The immediate reason for Thomas's appointment to join this group was the incidence of severe damage to apples during overseas transport, including tissue browning, which had made several cargoes unsaleable and led to large financial losses. The cause of the damage was traced to the toxicity of particular mixtures of carbon dioxide and oxygen in the ships' holds. Mrs Onslow suggested that as anaerobic conditions were known to induce browning accompanied by ethanol production, estimates of ethanol and acetaldehyde (then considered the precursor of ethanol) might provide a guide to the conditions to which damaged fruit had been exposed. Thomas's task was to elucidate the nature of the toxicity resulting from exposure to unfavourable gas mixtures with the object of recom mending more suitable storage conditions and contributing to the general aim of retarding senescent processes and so prolonging storage life. His first task was to find a solution to the practical problem of selecting appropriate gas environ ments for fruit storage. Adopting Mrs Onslow's suggestion, he soon confirmed qualitatively that ethanol was produced under anaerobic conditions and demon strated for the first time that it is accompanied by small amounts of acetaldehyde. "I his was followed by the discovery that both ethanol and aldehyde are produced by apples kept in high concentrations of carbon dioxide in the presence of abundant oxygen, a state of affairs which could arise in ships' holds. By passing streams of either nitrogen or mixtures of carbon dioxide and oxygen over apples he found ethanol and aldehyde were formed when the concentration of C 0 2 exceeded 15-20%, that whereas in nitrogen the ratio of ethanol to aldehyde produced was about 50/1, in high C 0 2 mixtures it was only 2/1, and finally that the rates of production were a function of temperature.
Since aldehyde is much more toxic to fruits than ethanol these observations
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at once suggested aldehyde poisoning as a cause of injury, and made it clear that conditions in a ship must never be allowed to become such as to induce this type of fermentation, which could be more injurious than the complete absence of oxygen. Thomas named his discovery C 0 2-zymasis. This term denoted the series of reactions brought about by the complex of enzymes in higher plant cells which converts hexose sugars to ethanol and carbon dioxide. He considered fermentation an ambiguous term as it might include substances such as glycerol, lactic acid, etc. Zymasis did not become a generally accepted term, as Thomas freely admitted, but he continued to use it as convenient for his purpose. Greatly encouraged by this early success he proceeded to examine in some detail injuries to apples induced by anaerobiosis, low storage temperatures and types of 'gas storage' (mixtures of about 10% C 0 2, 10% oxygen and nitrogen) then coming into use as a means of retarding ripening. By considering the nature and distri bution of tissue browning together with estimates of ethanol and aldehyde in the fruit he was often able to determine the conditions to which the damaged apples had been exposed and to advise on the best environment for particular cases. In addition to C 0 2-zymasis he also observed that both mechanical injury and freezing induced zymasis. In the 1920s when the cold storage industry was developing, his knowledge and advice were of some importance. It soon became obvious that susceptibility to zymasis, whatever the inducing agent, was far from uniform both within and between samples of apples. Wide variations were noted between varieties and between seasons and, as well, rates of zymasis increased as the season advanced.
In collaboration with Fidler a method was now devised of measuring in one operation the amounts of ethanol and acetaldehyde, which greatly reduced the labour of analysis. This estimate which they called the 'alcohol number' recorded the total potential yield of ethanol from hexose. Thomas and Fidler proceeded to determine 'alcohol numbers' in apples stored for up to nine months at 1-4 °C and transferred to nitrogen or C 0 2-free air at 23 °C before the estima tions were done. After an initial fall to a steady state the 'alcohol numbers' began to rise as ripening proceeded to the change in skin colour.
As an outcome of this work Thomas was led to stress the importance of the 'physiological state of the tissue' and to ask whether zymasis products damaged 'healthy cells' or whether metabolic changes made the cells susceptible to damage. He took the view that zymasis was always subordinate to prior changes of unknown origin in cell metabolism. He based his opinion on such facts as the ability of apple cells, early in storage life, to return to normal respiration after short periods of anaerobiosis and that tissue browning was always preceded by a rise in the respiratory quotient as ethanol was synthesized. He stated in general terms that perhaps there was a progressive failure with age of the co-ordination of respiratory enzymes within the cell, which did not affect hexose cleavage. If so, the cleavage product would become increasingly available for reduction to ethanol. Thomas was somewhat critical of those who speculate extensively on the basis of very limited information and in discussing his work on apples he never went beyond this general idea about how zymasis might operate.
By now Thomas's interest had moved from the practical problems of fruit storage to the glycolytic and respiratory processes themselves, and he was acutely aware that little progress was possible unless the range of analyses performed was greatly extended. In the experiments on susceptibility to zymasis he there fore took what he regarded as a 'first step in the right direction' by estimating ethanol production and C 0 2 output in the same samples. His intention was to test F. F. Blackman's assumption that C 0 2 and ethanol are produced in equi molar amounts from hexose by apples under anaerobiosis and also to extend observations on the effect of oxygen on C 0 2 output first recorded by Blackman in 1920. This was a pioneer experiment with a higher plant tissue. Fidler and Thomas recorded a quotient for ethanol/C02 of 0.85, which remained constant throughout the season while the zymasis rate was rising. They concluded that a continuous process was operating in which, indeed, most of the C 0 2 was derived from hexose, but that there was a clear pointer to sources of C 0 2 other than sugar, a conclusion repeatedly confirmed in many subsequent experiments. Knowing the external oxygen concentration they showed that ethanol production was suppressed at the rather low value of about 3 % in 'healthy apples' but that as the physiological state deteriorated the limiting concentration rose until finally ethanol was formed even in 100% oxygen and in sufficient quantity to kill the cells. The point at which ethanol production ceases as oxygen con centration is raised from zero was earlier termed the extinction point (e.p.) by Blackman.
Pursuing his suggestion that restricted oxidative capacity leads to zymasis Thomas now argued that 'if depression below a certain level of oxidation is the sole antecedent for the occurrence of zymasis then ethanol and acetaldehyde should accumulate aerobically in cells treated with inhibitors differentially retarding respiratory enzymes'. In the 1920s HCN was much used as an inhibitor of 'terminal oxidases' and by its use Thomas hoped to demonstrate that when oxidative capacity was reduced to the level found at the e.p. zymasis products and aerobically produced C 0 2 would be formed simultaneously. He found that apples responded to low doses of HCN by producing ethanol and acetaldehyde in ratios similar to those found in C 0 2-zymasis, reinforcing his view that oxygen tends to restrict aldehyde reduction. Extensive further experiments were carried out under controlled conditions at the Low Temperature Station, Cambridge, by Fidler working under Thomas's general direction. They revealed a much more complex situation than had been anticipated. HCN proved extremely toxic except at very low doses and it also affected sugar cleavage, so they were unable to obtain satisfactory evidence that aerobic C 0 2 output declined before onset of ethanol production. Fidler now joined the staff of the Low Temperature Station at Cambridge and was able to pursue Thomas's cherished plan of esti mating substrate changes in apples in parallel with measurements of gas ex change. He made numerous estimates of sugar and acids under various environ mental conditions using much improved methods.
One further attempt was made at Newcastle to clarify the events preceding onset of zymasis in apples. In collaboration with W. E. Foster satisfactory evidence was obtained that in subnormal concentrations of oxygen the presence of HCN or H 2S reduced oxygen uptake. However, no such effect resulted from exposure to high C 0 2 concentrations; hence the view that C 0 2 zymasis followed a fall in oxygen uptake remained unsubstantiated. Some years later (with Beevers) oxidase systems available at the time, namely yeast catalase, potato peroxidase, ascorbate oxidase and catechol oxidase, were exposed to high CO2, but again no inhibition of activity occurred. Although the experi ments using HCN failed to provide evidence in support of Thomas's early suggestion about the control of zymasis, additional evidence was forthcoming of sources of C 0 2 other than sugar accompanying zymasis. By calculating the amount of aerobic C 0 2 produced from measurements of oxygen uptake and of zymasic C 0 2 from ethanol production, a disparity was revealed between the sum of these quantities and the total C 0 2 output. Thomas and Fidler were able to state that zymasis could no longer be regarded as a simple replacement of respiration.
In 1926 Warburg used the term 'Pasteur effect' to describe the fall in sugar consumption when oxygen is admitted to a fermenting system. Thomas was able to use his data to test whether such an effect occurred in apple cells. Using the then conventional reasoning and taking into account the carbon derived from non-sugar sources he believed his evidence supported the conclusion that a Pasteur effect was exhibited by apples. As ever, he was cautious about making a definite claim, reiterating yet again that certainty demanded direct measures of substrate change.
Results of most of these experiments with apples were published in a series of nine papers, three of them in Fidler's name only, between 1925 and 1941. The work is described in great detail with meticulous discussion of every aspect of the data, and it certainly marked an advance in the quantitative approach to the physiology of higher plants.
Thomas of course recognized that, in addition to being very cumbersome material to work with, ageing apple cells were unlikely to be typical of the metabolism of other plant tissues and in the late 1930s he initiated similar investigations on other tissues. S. L. Ranson examined rhododendron leaves, dock leaves and seedlings of pea, marrow and buckwheat. The aim was to provide a more accurate measure than had hitherto been achieved of the con serving action of oxygen (i.e. the Pasteur effect). For the first time in higher plant tissue comparisons were made of C 0 2 output and ethanol production at the moment of transfer from air to nitrogen and also at the low oxygen con centration of the e.p. Except in the case of buckwheat seedlings, rates of carbon loss in anoxia were much greater than in air and still further in excess of that at the e.p., indicating the operation of a Pasteur effect. In the buckwheat seedlings the rate of carbon loss (C 0 2 and ethanol) was about half that in air and about equal to that at the e.p. Of these results for plant materials a review in 1951 stated that they provided 'the only recorded example of the absence of a PE determined by reliable methods'.
Early attempts in Newcastle and elsewhere to determine the fate of ethanol when plant tissues are returned to air after anaerobiosis suggested that it was slowly oxidized and the same inference was drawn when the several tissues mentioned above were treated in this way. However, it still remained uncertain in the 1950s whether or not this was a general phenomenon. So with the advent of labelled carbon the point was again tested in Thomas's laboratory using rhododendron leaves supplied with 14C ethanol. Some of the ethanol was cer tainly converted to acetaldehyde and for the first time unequivocal evidence was forthcoming of its oxidation to C 0 2. Nevertheless, the distribution of label between a variety of cell constituents precluded definite conclusions about the reactions by which the ethanol was consumed. Finally, with the carbon losses and gas exchange data obtained with the buckwheat seedlings in mind Richard son determined the amount of energy bound by anabolic processes during germination. He first established for wheat seedlings that the respiratory quotient over the first 6 days was 1 and then, assuming a sugar substrate, calculated the total energy release. Only about 10% of the total energy appeared to be retained as anabolic products, a figure confirmed by determining calorific values of the seeds and seedlings. In all of these investigations involving gas exchange measurements Thomas was really trying to make some progress in under standing glycolysis, at a time when the great advances in knowledge of the bio chemistry of this process were only just beginning. From the early 1920s when he started work it took a further 40 years of effort in many laboratories to elucidate the complex series of reactions by which sugar is degraded. It was only when the role of pyruvate, acetyl CoA and the dinucleotide coenzymes was revealed that interpretation of Thomas's date in chemical terms became a possibility.
(b) Crassulacean acid metabolism
In 1936 Wood and Werkman reported that carbon dioxide participates in the net synthesis of dicarboxylic acids in certain bacteria, and by the early 1940s some yeasts and mould fungi were known to have the same property. Thomas, with his exhaustive knowledge of the literature reporting gas exchanges by plants, realized that if plant cells were able to fix carbon by a mechanism other than photosynthesis many puzzling observations would be explained.
The Cactaceae, Crassulaceae and certain other genera were already well known for their capacity to accumulate acid in the dark and lose it again in the light of the following day. Thomas was thus prompted to make a fresh study of the work of Bennet-Clark on plant organic acids published in 1933, which included a review of past work. Bennet-Clark depicted concomitant changes in acid production and C 0 2 output in detached leaves of Sedum kept in the dark. The graphs show that peaks in curves representing acid changes coincided nearly, but not exactly, with troughs in those representing C 0 2 output. Further study of the literature revealed similar near coincidences in the observations of Ruhland and Wetzel, of Wolf and of Thoday and Richards. Wolf commented that an important difference in conditions in the cells of green shoots in dark and light was that concentration of C 0 2 in the intercellular spaces would usually be greater in the dark than in the light, while that of oxygen would be less. He thought a situation might be reached in which C 0 2-zymasis (see p. 557) could occur and he proposed a mechanism of malic acid synthesis for such circum stances. Both Thomas and Bennet-Clark rejected this suggestion because neither had observed C 0 2-zymasis under natural conditions. Furthermore, Thomas was now well aware from his work in relation to C 0 2-zymasis that metabolic events may be controlled by the internal atmosphere in plants, and he saw that this could be relevant to acid changes in crassulacean and other leaves in which the internal atmosphere will be controlled by the relative rates of respiration and photosynthesis. He accepted the views current at the time that diurnal changes in acidity were mainly changes in malic acid, and that acid accumulating in the cells derived from carbohydrates. On this basis he put forward his hypothesis to account for malic acid accumulation. The new and important assertion was that, as reported for a number of non-photo synthetic organisms, malic acid synthesis in higher plants also requires fixation of carbon by a mechanism that can operate in the dark. The sequence of reac tions he proposed for production of malic acid from hexose is:
(a) glycolysis with production of pyruvic acid (or a phosphorylated derivative), (b) condensation of pyruvic acid with carbon dioxide yielding oxalacetic acid, and (c) reduction of oxalacetic acid to malic acid. He summarized the partial reactions as,
C6H 120 6 ------> 2C3H40 3 ------► 2C4H4Os ------* 2C4H60 5) hexose pyruvic oxalacetic malic and noted that they satisfied the arithmetic demands of the overall equation, C6H120 6 + 2C03 ------> 2C4H6Os, but was careful to point out that this did not imply that conversion could take place in the absence of oxygen, which might be required by participating partial reactions. He saw no reason to suppose that the enzymic mechanism of acid production and consumption would be different in light from dark and so postulated that CO2 would be liberated during malic acid depletion either in light or dark. Furthermore, he assumed that gaseous exchange dependent on acid synthesis and depletion would be accompanied by the gaseous exchanges of respiration and assimilation as appropriate, and that these processes would proceed with a respiratory and assimilatory quotient (RQ and AQ) of unity. Then stating that malic acid would accumulate when synthesis exceeded consumption, Thomas saw synthesis in the dark resulting from C 0 2 derived from oxidation of carbo hydrate and continuing until the rate of acid consumption, which would rise with rising concentration, balanced synthesis. With the onset of day respiratory C 0 2 would be preferentially consumed in photosynthesis so restricting acid synthesis. Acid consumption would continue at a rate commensurate with its concentration and would be depleted until a new balance was reached at a low acid level.
The hypothesis explained the low RQ values observed by many workers during periods of rapid acidification, and the simultaneous absorption of carbon dioxide and oxygen in the dark observed for shoots of Opuntia by de Saussure in 1804. It also explained the approach towards unity of values for RQ and AQ as acid levels approached equilibria in darkness and light respectively, and the reports that cacti and members of the Crassulaceae differ from most plants in that when illuminated in the absence of C 0 2 they can give off considerable amounts of oxygen. Thomas first reported his hypothesis at the meeting of the Society for Experimental Biology in January 1947 and it appeared in writing in the third edition of his book Plant Physiology published later the same year. The full account appeared in the New Phytologist in 1949 and included an extensive review of the literature. It was accompanied by a second paper (with Beevers) describing the first experiments designed to test the validity of the hypothesis, which were carried out in 1946.
The purpose of these relatively simple experiments was to ascertain whether or not supplying C 0 2 would influence the acidification process. Using a few plants of Bryophyllum calycinum mustered locally, illuminated leaves were exposed to concentrations of C 0 2 up to 8%. The leaves were then boiled in water and the acid content determined by titration. The number of millilitres of 0.1 n sodium hydroxide required to neutralize 100 g of leaves was termed the titratable acid number (TAN) and it was assumed that a change in TAN was wholly the result of a net change in malic acid. Thomas was able to conclude solely from these estimates of acidity that light deacidification was retarded in the presence of added C 0 2 (4-8%) in the atmosphere and there was some evidence (later confirmed) that leaves with a low TAN could be induced to acidify in the light in concentrations of C 0 2 of about 5%. He attributed these results to a stimulation of acid synthesis by the enhanced C 0 2 concentrations.
More direct evidence was then sought by making gas exchange measurements on darkened leaves. Pressure changes around leaves acidifying in the dark were recorded, using containers with or without potash solution. The results were interpreted as showing continuous oxygen uptake with little or no C 0 2 output, that is RQs were zero or near zero. Next leaves after bright illumination, to increase carbohydrate and decrease acid contents, were exposed in the dark to C 0 2 concentrations up to 10%. Simultaneous absorption of oxygen and C 0 2 was observed, giving negative RQs. In this way the original observation of de Saussure was rediscovered. When dark acidification slowed down and C 0 2 release began, as Thomas had predicted, the RQ values started to rise, became positive and gradually rose to unity as acid accumulation ceased.
Similar measurements were made on ivy and fleshy saxifrage leaves, but no changes of the magnitude exhibited by Bryophyllum were found, from which Thomas concluded that solution of C 0 2 in the cell sap is not an important factor in depressing RQs in Bryophyllum.
The 1946 experiments ended with an attempt to compare the amount of C 0 2 fixed with that of the acid accumulated. Arguing that the amounts of respiratory CO 2 fixed could be estimated from measurements of oxygen uptake, assuming an RQ of unity for respiration, such values added to the amount of C 0 2 lost from the atmosphere would provide estimates of the total C 0 2 fixed. When these values were compared with estimates of malic acid accumulated, calculated from t.a.n. measurements, reasonably close agreement was found between the amounts of acid accumulated and of C 0 2 fixed. On the whole, the acid equivalent of fixed CO 2 tended to be somewhat higher than that required to account for the acid accumulated. Before this body of evidence in support of the Thomas hypothesis was published in full, some investigators in the U.S.A. had reached the same conclusion (Bonner & Bonner 1948) and using 14C 0 2 Thurlow & Bonner confirmed that 14C appeared in the malic acid. The extensive analyses carried out by Vickery and his group in Connecticut had continued to provide detailed data on fluctuations in carbohydrate and acid components of Bryophyllum leaves, but they did not envisage the dark fixation of C 0 2 in the syn thesis of malic acid. This first phase of the work on CAM in the Newcastle Laboratory is remark able for the way in which Thomas's detailed knowledge of published data, combined with relatively simple experiments measuring only gas exchanges and acidity, enabled him to state the crucial fact on which understanding of CAM depended before his contemporaries whose work had made a significant contribution to the solution of the problem. It was a major advance towards the general acceptance of the idea of C 0 2 as a metabolite in the dark reactions of higher plants and provided an incentive for many subsequent investigations.
Thomas, as might be expected, was not prepared to make generalized con clusions from his work without information derived from a variety of succulent plants and without greatly extended quantitative comparisons of the C 0 2 fixed or released with the amount of acid accumulation or depletion under as many conditions as possible. So a new phase of study began in 1947 in which the experimental work was done by Ranson. Comparisons were made over a range of temperatures, because it was already known that acid accumulation is en hanced at lower temperatures and depletion favoured at higher temperatures. According to the Thomas hypothesis the quotient by weight of malic acid/C02 should be 3.05 and for over a hundred experiments values ranged from 2 to 3.5 with a mean of 2.7 for leaves in darkness. These figures provide unequivocal evidence of the adequacy of fixation to account for acidification.
During rapid dark deacidification it was noted that RQ could rise above 1.33, the maximum possible value if malic acid is completely oxidized. Bennet-Clark had earlier made the same observation and suggested as an explanation that some of the malic acid became involved in anabolic reactions. Thomas regarded this suggestion with extreme caution, and unequivocal evidence that, following decarboxylation, part of the malic acid molecule is so consumed is still lacking.
The next step was a full investigation of the effects of C 0 2 concentration on fixation both in dark and light. Taking into account reports that C 0 2 in high concentration had a narcotizing effect on acid fluctuation the range of concen trations studied was from zero to 90%. It was confirmed that, in darkness, acidification is accelerated and the amount of acid accumulated increased as C 0 2 concentrations are increased to 5%. In 15% C 0 2 the rate of acidification began to fall below that in air and continued to fall as C 0 2 concentration was further increased until between 50 and 70% of the acid synthesizing mechanism was completely inhibited. At the concentrations where the inhibition was marked there was evidence of ethanol production due to C 0 2-zymasis, an observation later amply confirmed.
Many of these experiments with Bryophyllum were repeated on plants of other genera possessing the property of CAM, e.g. species of Sedum, Crassula, Kleinia and Opuntia. None of them provided discordant data. RQs were below unity where acid accumulation was impaired by high COa concentrations, so the CO 2 requirement of the low rates of acid accumulation would appear to be adequately met by the C 0 2 derived from carbohydrate.
In the light, gaseous exchange due to photosynthesis proved to be so high relative to any C 0 2 fixation into malate that the values obtained for the weight quotient of malic acid to C 0 2 were less consistent than those obtained for leaves in darkness. They were nevertheless sufficiently close to the 3.05 to give support to the view that malic synthesis in light involves C 0 2 fixation. Moderately high CO2 concentrations retarded C 0 2 fixation into malic acid in the light as in the dark, but, interestingly, photosynthetic C 0 2 fixation was markedly more sensitive. Thus in 20% C 0 2 there was appreciable fixation into acid, whereas photosynthetic C 0 2 assimilation as measured by oxygen output was completely abolished. For leaves deacidifying in light the only conclusion possible was that decarboxylation is involved. This is because gaseous exchange would be the same whether the acid was completely oxidized or yielded a C3 compound which was directly converted to carbohydrate. Again very high C 0 2 concen trations inhibited malate consumption.
Seldom can such a large body of data have been assembled to substantiate an hypothesis and to establish the quantitative aspect. Many investigators would have been content with the mean observed value of 2.7 for the weight quotient of malic acid accumulated to C 0 2 fixed as compared with the theoretical value of 3.05, bearing in mind the assumptions made and the errors of serial gas analysis using the Haldane apparatus with C 0 2 concentrations over 5%. But Thomas remained concerned about the discrepancy and was ready to probe further as occasion arose.
In a third phase of the study of CAM in Newcastle lasting for over a decade c.a.m. provided topics for research by postgraduates, two of which contributed to the issue of the weight quotient. The first was a comprehensive analysis of leaves of Bryophyllum calycinum, including estimates of individual sugars, starch and acids, with the object of constructing a balance sheet of changes. It was confirmed that in the light malic acid consumption was accompanied by carbohydrate increase, and that 14C previously incorporated into malate in the dark was transferred to carbohydrate, but in the dark there was no convincing evidence of conversion of malate to carbohydrate. There were fluctuations of both citric and isocitric acids in phase with those of malic and on the assumption that these acids derived from malic the weight quotients were recalculated, but the values obtained were still lower than 3.05. In the second study the possibility was explored that some of the malate might be converted to nitrogenous sub stances with lower titratable acidity. Changes in protein and a number of soluble nitrogen compounds were estimated but did not appear to be directly related to changes in malic acid and so again provided no explanation for the discrepancy that concerned Thomas.
Of other studies, one confirmed a claim that an external supply of oxygen is essential for acidification in c.a.m. plants by showing that it ceased in pure nitrogen and that ethanol began to accumulate. A second examined the effect of a variety of inhibitors of respiratory oxidation on the capacity of leaves to acidify. Cyanide and azide inhibited fixation by 90%, suggesting a relation between aerobic catabolism and dark acidification in c.a.m. The t.c.a. cycle inhibitors, malonate and fluoracetate, led to an apparent increase in acid accumulation, perhaps by enhancing the supply of phosphopyruvate available for carboxylation. Finally, following the demonstration of the presence of (3-carboxylases in higher plant tissues about 1952, a method was developed for the extraction of active cell-free preparations of (3-carboxylases from Bryphyllum leaves. Using NaH14C 0 3 in extracts supplied with phosphoenol pyruvate (PEP), oxaloacetate was isolated as the dinitrophenylhydrazone and identified by chroma tography. Evidence was produced that the labelled carbon atoms were confined to the (3-carboxylic group. This PEP carboxylase system showed responses to increasing C 0 2 concentrations similar to those that occur in intact leaves, con sistent with the view that C 0 2 is fixed by this enzyme in the leaves. Malic enzyme, also present in extracts from the leaves, showed a markedly different response to rising C 0 2 concentrations, more consistent with a function in malic acid consumption.
(c) Incidental interests
Heslop-Harrison's well known study of melanism in moths in the industrial North East (Biogr. Mems. vol. 14, 1968) directed Thomas's long standing interest in plant pigments to the nature and distribution of melanins in higher plants. He collected information about both melanin and tyrosinase distribution and made a characteristically thorough study of the literature. As an outcome, although he did not publish his own observations, he wrote in the late 1950s two extensive articles on the subject (see Bibliography), which became standard references of the time. He emphasized that the dark brown or black pigments which occur in plants are of two types, one being a class of chemical substances formed by the action of tyrosinase on tyrosine or DOPA (l-3,4-dihydroxyphenyl alanine), free or combined, and with a nitrogen content of at least 8%, the other comprising products of oxidation of hydroxyphenols and so nitrogen free. He also pointed out that although there were many records of the prepara tion of tyrosinases from plant parts which catalyse the formation of melanic pigments in vitro there were surprisingly few reports of the occurrence of such pigments in vivo. His expositions provided a clear statement of the known facts at the time and contributed to the later accepted usage of the term 'melanin' to embrace all pigmented polymers produced by oxidation of polyhydroxy phenols and aminophenol compounds with subtitles tyrosine and DOPA melanins for those containing nitrogen, and catechol melanins for those derived from polyhydroxy phenols.
Thomas had observed, presumably during his investigation of C 0 2-zymasis, that high C 0 2 concentrations inhibited anthocyanin formation in gooseberries. It was a well known fact that the pigment formation requires the presence of oxygen and the effect of C 0 2 was consistent with his view that at high con centration it might inhibit oxidation enzymes. Heslop-Harrison was at the time interested in the genetics of three related forms of Melandrium with red and white flowers and Thomas initiated an investigation of the activity in the flowers of the plant oxidase systems known in the 1940s. None of these showed markedly different activities in the white and red flowers, but he thought there was a general tendency for the coloured types to have a higher overall activity than the white. The effects of supplying individual sugars and of a wide variety of enzyme inhibitors to cress seedlings were also tested. Anthocyanin production was enhanced by the added sugar although there was no increase in metabolic rate as measured by C 0 2 output, and in general substances that inhibited glycolysis or cellular oxidations seemed to retard its formation.
In the early 1950s, again reviving an earlier interest, this time in fatty acid metabolism of seeds, measurements of gaseous exchange and of amounts of a number of components were made together with assays of several enzymes in germinating sunflower seeds. Among other events it was noted that t.c.a. cycle acids accumulated during germination. In the Newcastle atmosphere the possibility of acid synthesis involving C 0 2 fixation obviously came to mind. Accordingly, darkened sunflower cotyledons were exposed to 14C 0 2. For the first few seconds activity was largely confined to malic acid, but surprisingly at the time it soon accumulated in sucrose, an occurrence which received a plausible explanation a little later when the operation of the glyoxylic acid cycle had been demonstrated in a comparable plant tissue.
In his early days in Newcastle Thomas became keenly interested and read avidly about growth-regulating substances in plants. Undergraduates of the early 1940s vividly remember his lectures on this subject as an exciting part of the course. However, only one of Thomas's research students was encouraged into this field to study factors influencing rooting in cuttings, and she was the only woman postgraduate ever directly supervised by him.
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